ate - x 


ic I per and time-of-flight spectrometer in 
theory and experiment 

By K. E. Larsson, U. Danizore, S. Hotmryp, 
K. Ornes and R. STEDMAN 


With 11 figures in the text 


Introduction 


As is well known our most copious source of free neutrons, the reactor, delivers a 
continuous spectrum of useful neutrons ranging from the MeV region down to 
subthermal energies. The problem to select a narrow energy interval out of this 


_ spectrum which can be successfully used in the investigation of the interaction of 
- neutrons with matter has for a long time remained the main problem of the experi- 
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- mental neutron physics. Different instruments have been developed to meet the 
requirements. In the MeV region the problem is still more or less unsolved. In the 
_ low energy region from a few keV down to subthermal energies there exist three 
_ main types of instruments, choppers, crystal spectrometers and mechanical mono- 
_chromators, which have been used with relative success to select narrow energy 


bands out of a reactor neutron spectrum. Here we will deal with the chopper-time- 


of-flight velocity selector, and, of the two types in common use, the fast and the 


slow chopper, we will concentrate on a theoretical and experimental study of a slow 
chopper spectrometer arrangement. 


I. Principle of the chopper-time-of-flight spectrometry 


The principle of the chopper-time-of flight spectrometer is well known. The 
chopper is in principle a fast rotating collimator, which, if placed in a collimated 
continuous neutron beam, transmits short bursts of neutrons. If such a neutron 
burst is allowed to travel a certain distance, neutrons of the different energies pri- 
marily present in the beam will be sorted out on the time scale: the faster neutrons 
will arrive at the end of the flight path earlier than the slower ones. If the flight time, 
t, for the given distance, J, is measured, the neutron velocity is given by v =1/t. 
The principle of the measurement is thus quite fundamental. The time measurement, 
which offers the main problem in this connection, must be performed by an electronic 
clock, the time analyzer, in such a way that the time measurement starts when the 
neutrons pass the chopper and stops when they reach the detector. Questions of vital 
importance which now arise are the following: 
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Fig. 1. Cross section of slow chopper with curved slits. 
Sy 


1) What is the shape of the transmission curve of the chopper as a function of 
neutron wave length and time? a 

2) Does there exist a point in the chopper through which all neutron velocities 
present in the beam pass simultaneously, thus defining the zero of the time 
scale, i.e. the time when the analyzer should be started and from which point 
the flight paths should be measured? 


8) What is the energy resolution of the chopper-time-of-flight spectrometer ? 


To define the problem we shall first assume that a parallel neutron beam impinges 
upon a cylindrically shaped chopper of radius r through which are cut curved slits 
of width 2d and which have a radius of curvature R (fig. 1). The chopper rotates 
with an angular velocity w. We shall first derive the answer to the first question 
regarding the transmission. The chopper is of so-called Fermi-type. 


If. The chopper transmission as a function of neutron wave length 


We shall first investigate the shape of a neutron path in a rotating system. If it is 
assumed that the neutron at the time t = 0 intersects the x-axis in a fixed (laboratory) 
system, and in this system moves along the line x =a with velocity », it is easily 
proved that in a rotating system a’, y’ connected to the chopper and with the z’ 
axis coinciding with the axis of rotation, the neutron path is a parabola, if we con- 
sider only small angles of rotation (0 = wt small): 


, (v —@a w) , 
Bree = 
y fs aia (x" — a) (1) 
a 2 
The radius of curvature, R, at the vertex is 
bid Sas 
“35 4et Te (2) 


where it is assumed that a<v/w. This assumption, which is always fulfilled for 
realistic choppers, means, that we can without loss of generality confine our discussion 
to neutron paths for which a~ 0. The relation (2) merely expresses the fact that the 
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here 2” =a’ — 29 = = y2@/v —y0/v. We have now referred the path of neutrons 
velocity v to that of neutrons of velocity vy. Even in this system the neutron path 
a parabola with a radius of curvature at the vertex given by 


—_— 


(4) 


_ This radius of curvature is in practice quite large, of the order of 1 meter, while the 
_ choppers usually are of small dimensions with radius of the order of 3-6 cm. It is 
‘thus a very good approximation to replace the parabolas (eq. 3) with circles. If we 
now consider a particular slit of width 2d, assumed to be curved with a radius of 
curvature of Ry =¥v)/(2@), we find that the path of a neutron with velocity U= U9 
is a circle as tiatrated 4 in ‘figure 2. The transmission through the slit is obviously a 


; a. b. Cc. 


Fig. 2. Possible neutron paths through the chopper. The curved slit is transformed into a straight 
one. Neutron paths approximately circular arcs. 
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function of the angle « of incidence and of the relative radius of curvature R as 
given by equation 4. The transmission is given by 


_2d-2 


T (,R)=—55 (5) 


where z is a function of « and R. To calculate the total transmission for a constant 
R the eq. 5 has to be integrated over the possible angles, a, of incidence. In order to 
calculate z(«, R) the possible range of «-values has to be divided into two regions as 
illustrated by figure 2 a & b: 


a. The circle of radius A has its maximum outside the slit. 
b. The circle has its maximum within the slit. 


From simple geometry it follows that in case a, the transmission is given by 


2 
0(2,B)=1-5[P/1- (sin a2) cos a. (6) 
The angular range within which this expression is valid is determined from 


- . di ril ay" + | 
Omax  arcsin on oe Re 


aah 
&min = arcsin R 


(7) 


Here %p,x follows from the condition z =2d, and «,;, follows from the condition 

that the circle has its maximum exactly at the end of the slit. R cannot take an 

arbitrary value, but the condition for R is that R > R,,;,, where again a consideration 

of the simple geometry gives that the allowed range of R values is co > R>1?/d. 
In case b it follows directly from figure 2b that the transmission is given as 


P (a, R)=1-25 (100s x) (8) 


The angular range within which this expression is valid is in a similar way simple 
determined from 


ae 
Omax = arcsin R 


(9) 
min = arcsin R 
Obviously F can take any value within the range defined above for case a. The small- 
est possible R-value, however, is from geometry considerations determined by 
Ruin =17/(4d). This value of R is the smallest possible and defines the long wave 
length cut off of the transmission. To sum up we thus find that in the wave length 
region determined by co > R > r?/d the total transmission is given by 
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Terms which have been neglected, are of the order of (d/r)? or less. As for actual 
choppers d is of the order mm and r of the order cm, the terms neglected are cer- 
tainly <1 %. If we now remember the definition (4) of R we find that 


1 2mo 
ahs SIG [A —Ao|. 


In a region defined by (10a) the transmission is thus parabolic in the variable |A — 2 |. 


_ The maximum transmission occurs for A = A, and is then given by d/r. 


When the chopper has turned 180° it may again transmit neutrons. The curvature 
of the slits and of the neutron paths are turned in opposite directions, corresponding 
to a radius in the transformed system (compare eq. 4) of 


1 
a ae ee 
1 A 
20 |= b— 
a= Oe 


Even in this case the transmission is given by (10a, b) when this new value of R 


is used. 
Figure 8 gives an example of a transmission curve as a function of wA for a par- 


ticular chopper construction with 2d = 0.4 cm, r = 4.8 cm, Ry = 74.5 cm and A, = 2 A. 
In this figure the maximum transmission, d/r, has been taken as unity. As will be 
seen from the figure, the transmission at the 180° position simply is the mirror 
picture of 7'(A) in the 7 axis for A <0. 


Ill. The chopper transmission as a function of time 


We shall now turn to question number 2 of section I. The study of the time de- 
pendence of the transmission, 7'(t,R), may simply be reduced to a study of the 
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Theses expressions are valid if co >R>r?/d. In an analogous manner the trans- 
mission in the region r?/d > R>r?/(4d) is given by 


R yz r 
T (a, R)=1— 770%, 2 RFR (12) 


It is to be emphasized that the transmission function 7'(«, R) is symmetric around 
the angle « =r/R and that (11) and (12) above give the transmission measured at 
the entrance side of the chopper,-where the angle « = 0 corresponds to the transmis- 
sion maximum for neutrons of velocity v = vp. 

Let us now investigate in detail the transmission as a function of time. It is suf- 
ficient to discuss just those neutrons which correspond to the peak of the transmission 
functions (11) and (12) above. We consider only a parallel incident neutron flux. As 
is easily seen, neutrons of velocity v<vy enter the chopper at an angle «=7r/R 
before neutrons of velocity v =v), which enter the chopper at an angle «=0 or a 
time ¢=0. Similarly, neutrons of velocity v >v) enter the chopper at an angle 
a=1/R after neutrons of velocity v = v9. The difference in flight time necessary to 
reach the centre of the slit for neutrons of velocity v and v, respectively, is obviously 


Lee 
0% 


[ot] =r 


During this time interval the chopper turns an angle 


Vo 


wot=rw 


But this angle is exactly half of the difference in angle of incidence, 


in our relative system, which means, that neutrons of velocity v and v, that 
enter the slit an angle r/R before neutrons of velocity vy reach the centre of the 
slit simultaneously with neutrons of velocity Vp. This follows from the fact that 
angles of rotation of the chopper are in general exactly half the change in angle of 
the corresponding tangents to the neutron path through the slit as seen in our relative 
system. The important conclusion is thus that the centre of the chopper is ‘“‘the 
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E Fig. 3. Calculated transmission curves as a function of time. 
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- chopping point” from which flight paths should be measured. The measurement of 
_ flight times should be started when the chopper is in its symmetry position such 
that the neutron paths forming straight lines in the laboratory system are tangent 


to the centre of the curved slit. 
The complete picture of transmission is now clear. If time “0” is selected as that 


time when the transmission maximum, 7'(«, R)max, passes the centre of the slit, this 
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Iv. € Collimation, detector nara and Zh Bist? B : 


So far in our discussion we have assumed that the neutron beam imy 
the chopper is parallel, equivalent to the assumption that the neutron et 
face is at infinity. We will now investigate the realistic case that the neutron e 
surface of height 2D, is at a distance of L, from the centre of a chopper slit. 
situation is illustrated in figure 4. If the distance Li is large compared to the chopper - 
radius, it may easily be shown that the angle f as defined in figure 4 can be neglected 
compared to the angle am,,. In general it must be assumed that the surface AB 
emits a flux I(p,x), which is a function of the position x on the surface and of the 
angle y. To begin with we will further assume that the detector is large enough to 
cover the area of the transmitted flux completely. Remembering the discussion of the 
preceding chapter we find for the intensity transmitted through the chopper 


a’+dyjr ; 
I(a',v)= | T(a’—a.v)I(p,2)da (13) 
a’—d/r 
A 
Xx Direction of rotation 


Cie = ca = SS irene 


incoming 
0L= angle of incidence neutron beam 
_ 4d 4d 
Tox Ly Snax Pr 
B a. 
Neutron emitting 
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SMS 
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Fig. 4. Principle of spectrometer geometry. 
ver the beam area. Beam collimation determined only by the dimen- 


sions of the neutron emitting area AB = 2D,, the distance CC’ = L, and chopper slit width 2d. 
b. No neutrons can reach the detector from shaded areas if 2p <2. 


a. Chopper slit sweeping o 
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to ie panini as functions of a. T'(a’ — a,2 ») may here be assumed 

of base width 2d/r, and symmetric around «’, i.e. corresponding to 

n picture for v = v, in figure 3. To calculate the limiting case for which 

una half value width of I(a’,v)) is a maximum (the worst resolution 

ase) we now make the assumption J = I)(«), i.e. I is independent of angle y and 

sition a. I,(«) is then described by a rectangular function, as illustrated in figure 

Under these conditions the normalized transmission I(«’,vp) is dependent upon 
oaths widths of the triangle T'(«’ — «) and I,(«) as follows: 


2D, 2 


Ly) oh 
The calculations show that the full width at half maximum of J («’, vp) is in this 


ease simply given by 2D,/L, (figure 5b) and is thus independent of the chopper 
- opening angle 2d/r. The maximum transmission value is 1. 


a 


a 
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= d 2D, 2d 
case b, =a< Sr 
ee 
The maximum value of the transmission occurring at «’ =0 is given by 
7 1 @/r= D/L 
nog 2(d/r?P 
and is thus <1. As is easily shown, the full width of I(«’,v,) at half maximum is 
aes (14) 
ih, bet ts eA 
a ee Z 2d dD, _ d d wae 2D,_4d 
ie. it varies from a when jae) a to ( V3) i when iy 
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2D, _d 
CASE C, Ee < a 

This case is of little practical importance as the gain in the halfwidth value is 
small, while the loss in transmitted intensity is large, from 25 to 100 %. : 

The calculations given above are based on the case v = v9. If v+ vy minor devia-. 
tions in the results will appear, leading to a small increase in the half-width value 
when R>r/d, and a small decrease in this value when 1°/d > R >1?/(4d). On 
the other hand this calculation anticipates that the neutron emission rate is constant 
over the surface AB. Usually the beam from a collimator or a reactor beam tube 
has a profile characterized by rounded corners, which tends to decrease the half- 
width. If all the small effects appearing in practice are taken into consideration, the 
main effect will be that low intensity tails are added to the transmitted neutron 
intensity I (a’, v9). 

In the analysis carried out so far we have explicitly assumed that the detector, 
placed at some distance from the chopper, has large dimensions. If instead, the 
detector as seen from the centre of chopper subtends an angle 2y~2 D,/L, subject 
to the condition that 2y < 2 D,/L,—as illustrated schematically in figure 4b—it is 
obviously the angular opening of the chopper and the detector angle, which together 
determine the angular width of the chopper burst. The discussion carried through 
above then remains valid if D,/L, is replaced by D,/L,. Furthermore, if this is the 
case, the assumption of a constant neutron flux over the neutron emitting area now 
has to be replaced by the condition: a constant detection efficiency over the detector 
area, which in practical applications is far more realistic. 

If we now want to express the results on a time scale, we may do so by just multi- 
plying by 1/o. In conclusion, we find that the full widths at half maximum of the 
transmitted chopper bursts are: 


2D , 2D_2 
Z —— — > — 
Vee Olas oL if ZL : 
15) 
2d fs 2 
b. = Ohm adi Sieat Hae eee 
wr wr r L r 


Here D and L should be referred to the neutron emitting surface if D,/L, < D,/Lz 
or to the detector geometry if D,/L,<D,/L,. The index w on ot indicates 
that the half width values are dependent upon the chopper’s “‘sweep velocity’, w. 

We now have considered that part of the total resolution of the chopper-time-of- 
flight spectrometer which originates from the chopper geometry and collimation 
properties of the system. In practice two more factors generally contribute to the 
final time resolution, namely the detector thickness and the electronic channel 
width of the time analyzer. If the detector has an effective thickness d,, the flight 
time through the detector for neutrons of velocity v is dty = d,/v. Nothing else can 
be said generally about this uncertainty in neutron flight time, as this time error 
depends upon the particular detector construction used. If the detector is a thick BF, 
counter, account has to be taken to the self-screening effect. Similarly the electronic 
channel width, d¢,, may vary in shape, but usually it is rectangular. These two 
flight-time uncertainties, which are both independent of the chopper speed of rotation 
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iscussed above for collimation and 


y gaussian functions we may write 


q _ Finally, if all four contributions to the resolution function are added as gaussians 
we find 6t =V6e + #2. If the flight path from the centre of the chopper to the 
: effective centre of the detector is /, the time-of-flight, t, for neutrons of velocity v 
E Baily v, and the total resolution of the spectrometer may be written 


dv 
co ag 


4 | ral es 


_ The ideal value of c falls in the region between 2 and 3— 3 corresponding to (15b), 

__as this geometry gives a maximum transmission between 100 and 75%. We may in 

a practical case make such a choice that c= 1.4. It is then ideal to use such a detector 

_ and to choose such a channel width that 6¢, = d¢,, in which case the resolution comes 
out as 


4 
“f 6t _2dv 16’ 
; t rol TS) 


* This choice of parameters corresponds to the optimum working conditions of the 


- chopper-time-of-flight spectrometer, representing maximum transmission and 
highest resolution simultaneously. 


V. Choice of chopper parameters 


Faced with the practical problem to construct a chopper-time-of-flight spectro- 
meter for use in a particular field, one has to make the proper choice of a series of 
parameters: the chopper radius r, the slit width 2d, the angular velocity w, the 
length of the flight path J, and the resolution 6¢/t measured at a neutron wave length 
Ao. The choice of resolution determines, as we have seen in the preceding section, a 
series of other parameters such as collimation, detector and channel width. If we 
here concentrate on the central part of the apparatus, the chopper, we thus have six 
parameters to be determined. With the aid of the preceding sections and a few new 

- conditions we may reduce the number of degrees of freedom considerably. 

The first reasonable requirement to be put on the spectrometer is that all the 
neutrons from a particular neutron burst should have reached the detector before 
the chopper opens up again, i.e. no overlap is allowed. But this means that the 
slowest neutron transmitted, velocity v;,, should run the flight path, /, in a time 
<2zx/w, which is the time between two consecutive openings of the chopper: 


— Unin = l 


But vmin is determined from 


= 


a 4 i 
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: — Se 
where the resolution d¢/t is taken at » = v). For constructional reasons it is natural to 
predetermine w, and further if t/t is chosen to have a definite value at the partic 


neutron velocity vp, one has the solution given by (16’) 


A further condition might be applied if for instance the chopper is desired to give a 
: fairly flat transmission in a region of neutron velocities round vp, corresponding to 
the parabolic part of the transmission curve (10a). Eq. 4 gives an 


21) 


If |A, —Ao| is’ predetermined, the simultaneous solution of equations 19, 20 and 21 
uniquely determines d, 7 and 1. 


VI. Experimental study of a time-of-flight spectrometer { 


a. Construction of the spectrometer 


The construction of the chopper-time-of-flight spectrometer in operation at the — 
Stockholm reactor, R1, has already been described in various articles [1, 2, 3]. The 
principles of the arrangement are given in figure 6. The chopper parameters have 
been chosen such that the transmission should have a fairly flat region round 2 A 
at a speed of rotation of 12,700 r.p.m. There are ten slits of width 0.4 cm and the 
effective radius of the chopper is 4.8 cm. With a resolution of about 4 % at 2 A the 
flight path is of the order 3 meters. The angular opening, 2, of the detector as seen 
from the chopper is 2.D,/L,~20/300, i.e. about 3.8°. The detector, made up of 
29 BMF, counters arranged in three layers, has a geometric thickness of 8.2 cm and 
—it the boundary effects are taken into consideration—an effective thickness of 
~6.5 cm. For further description see references given above. 
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Fig. 6. The principles of the construction of the time-of-flight spectrometer. The velocity selection 
of the incident beam might be performed either by the beryllium filter or by a device such as a 
erystal monochromator, a mechanical monochromator etc, or by a combination of both. 


b. Experimental determination of the transmission curve 


Experimentally the transmission curve may be determined in different ways. A 
simple method is to study how a known neutron spectrum is deformed after trans- 
mission through the chopper. If the intensity distribution in the spectrum before 
transmission is described by J,(A), the desired transmission function follows from 
T (A) =1(A)/(Ig(A)) for a constant speed of rotation of the chopper. As the general 
transmission curve is best described as a function of mA, one can also proceed in 
such a way that a fairly flat spectrum is studied as a function of w. The 
intensities transmitted at one or several selected wave lengths are then studied 
as a function of w. If the spectrum used for the study does not cover a very wide 
wave length region this is the only way to perform the measurement. For each w a 
range of wA values is then covered. This method was used in the present experiment. 
With the spectrometer arm in the 0° position the spectrum transmitted through a 
25 em thick beryllium filter cooled to liquid nitrogen temperature was studied at a 
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Fig. 8. Observed and calculated transmission curves. 


series of speeds of rotation from 13,000 to 2250 r.p.m. Intensities transmitted in a 
wave length region from 4.2 to 6.6 A were used to calculate the transmission curve. 
(See figure 7.) For any particular wave length in this region the transmitted intensity 
was plotted as a function of w/, and the resulting curve was normalized to its maxi- 


- mum value. The resulting experimentally determined transmission function 7'(w/) 


is given in figure 8 together with the calculated one. In the calculation it was assumed 
that the mean radius of curvature of the slits was 74.5 em in accordance with con- 


struction. As will be seen from figure 8 the experimentally determined curve is dis- 


placed some 10% towards lower w/ values compared to the calculated one, which 
should correspond to a radius of curvature of the slits of 82 em and a maximum 
transmission at 1.8 A instead of the calculated 2 A at w = 1330 rad/sec. It is to be 


_ observed that the shape of the experimental curve very well agrees with the calculated, 


as is seen if this later curve is displaced 10% towards lower wA values. This might 


indicate, that a weakening in the material has occurred after 18 months of use at 


high speed, such that the slits have become slightly straightened out. 


Our chopper is designed for slow neutrons and is constructed with cadmium as 
neutron absorbing material. Consequently, it should not be operated in a flux 
containing a high percentage of resonance neutrons, as these will pass right through 
the set of slits as if the chopper contained just one large opening. To demonstrate 
this the reactor beam hole used in this experiment was covered with a cadmium plate 


- of 0.5 mm thickness, which effectively removes the beryllium filtered spectrum and 


any background thermal neutrons. The only flux present will then be just the 
resonance and fast neutron background. The resulting background curve is shown 
in figure 9. Two broad peaks are observed, one corresponding to the chopper 0° 
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Fig. 9. Observed background spectrum of resonance neutrons. 


position and the other to the 180° position. The flight time of 210 usec measured 
from the 180° peak allows one to estimate the average energy of these background 
neutrons to be about 1-2 eV. Further the angular width of the observed 180° peak 


rather well agrees with the full angular opening of the chopper if all the slits were 
absent. 


c. Experimental determination of the resolution of the instrument 


As has been described in detail in earlier publications [2, 3], the part of the reactor 
neutron spectrum transmitted through a beryllium filter is well suited for a deter- 
mination of the half-width of the resolution function. The sharp Bragg cut-off at 
3.952 A at liquid nitrogen temperature will be rounded off when a resolution function 
of finite width is applied, so that its slope will be finite. The projection on the time 
axis of the tangent at the point of inflexion of the sloping cut-off will give an approxi- 
mate value of the full width at half maximum, dt (actually 1.06 6d¢ if the resolution 
function is supposed to be of gaussian shape). As was shown in section IV, the total 
resolution function is generally composed of four contributions, two of which, namely 
the width of the chopper pulse and the sweep time over the detector, are dependent on 
w, and two others, the flight time through the detector and the channel width, which 
are not. Thus if w is varied and the width of the beryllium break is studied as a func- 
tion of w, the resolution width may be written: dt = 1 /@ Va? +02 w*, where a represents 
the combined angular half-width of the chopper opening and collimation angle and 
b= ot, (compare eqs. 14 and 16). Experimentally, the same runs which were made 
to study the transmission curve were also used to analyze the width of the beryllium 
break. As in the case of the transmission curve, these data were corrected for the 
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Fig. 10. Observed width of beryllium break as a function of 1/w. The solid line is the theoretically 
calculated width given by the function 6¢ = 1/@//a? + ?@?, 


dead time of the analyzer, air absorption, self screening of the detector and scattering 
in the 25 mm thick layer of aluminium which the neutrons had to pass through [1]. 

The monotonously increasing width of the beryllium break with decreasing speed 
of rotation is illustrated in figure 7. Figure 10 shows the experimentally determined 
resolution width as well as the theoretically calculated one. As seen from the figure 
the agreement between theory and experiment is satisfactory. 


d. Calibration of the time-of-flight scale 


The calibration of the time scale of the spectrometer is simply performed in the 
way that neutrons of a well known wave length are sent through the chopper. The 
flight time, t, for the distance, l, is simply t = ml/(h)A, where m = the neutron mass 
and fh = Plancks constant. When the calibration is correct the measured flight time 
should agree exactly with the calculated one. The time analyzer is started by a pulse 
from an electromagnetic pick-up. The position of this pick-up should be adjusted 
so that the analyzer is started exactly when the neutrons pass the centre of the 
chopper (compare the theory of section III). To perform this calibration as exactly 
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Fig. 11. Calibration of the time scale: Observed beryllium filtered spectrum after adjustment. 
of pick-up position. 


as possible, the highest possible resolution is desired. To this end the thick BF, 
detector was replaced by a thin, circular, boron-loaded ZnS scintillation detector of 
thickness <1 mm, and of a diameter of 12.5 em. Using this detector, which should 
give a calculated resolution half-width of 40 usec at 4 A at a chopper speed of 12,700 
r.p.m. and a channel width of 10 usec, the beryllium filtered reactor neutron spectrum 
was again recorded. The flight path from the chopper centre to the detector was 
305.1 cm. As earlier discussed (ref. 3 appendix) the mid-point of the observed beryl- 
lium break very nearly defines the time-of-flight of the 3.952 A neutrons. The position. 
of the pick-up was adjusted until agreement between calculated and measured flight. 
time was established to within about 2 usec. The calibration was thus performed to 
an accuracy better than 0.1%. The final result after the adjustment of the pick-up 
is shown in figure 11. As will be seen from this figure, the observed resolution width 
of 42 usec agrees well with the calculated 40 usec. Further it is obvious that this 
higher resolution is necessary for an accurate calibration because of the disturbing 
aluminium cut-off at 4.05 A caused by constructional material in the reactor tank, 
beam ports and in the chopper itself. If a resolution of 80-100 usec had been used, 
this aluminium cut-off would have remained unresolved, which means that a too 
long time-of-flight would have been associated with the 3.952 A neutrons. In reality, 
a wave length between 3.95 and 4.05 A would then have been used as the calibration 
wave length, and the adjustment of the pick-up position would have been in error. 

Unfortunately the time scale is in this way calibrated just at one speed of rotation. 
As may be seen from figure 7, the position of the beryllium break apparently moves 
towards longer flight times when the chopper speed is reduced. This is an effect 
dependent upon the electrical inertia of the electromagnetic pick-up. Calculation 
shows that this time error should vary approximately as 1/@ which agrees well 
with experiments. A faster triggering device such as a beam of light through the 
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